Several bacterial cultures were isolated that are able to degrade quinoline and to transform or to degrade methylquinolines. The degradation of quinoline by strains of Pseudomonas aeruginosa QP and P. putida QP produced hydroxyquinolines, a transient pink compound, and other undetermined products. The quinolinedegrading strains of P. aeruginosa QP and P. putida QP hydroxylated a limited number of methylquinolines but could not degrade them, nor could they transform 2-methylquinoline, isoquinoline, or pyridine. Another pseudomonad, Pseudomonas sp. strain MQP, was isolated that could degrade 2-methylquinoline. P. aeruginosa QP was able to degrade or to transform quinoline and a few methylquinolines in a complex heterocyclic nitrogen-containing fraction of a shale oil. All of the quinoline-and methylquinoline-degrading strains have multiple plasmids including a common 250-kilobase plasmid. The 225-, 250-, and 320-kilobase plasmids of the P. aeruginosa QP strain all contained genes involved in quinoline metabolism.
Quinoline and its derivatives occur as contaminants in groundwater near creosote wood preservation and fossil fuel-processing facilities (17) (18) (19) . Quinoline, methylquinolines, and other heterocyclic nitrogen compounds occur in shale oils (5) . Several investigators have demonstrated microbial transformation or degradation of quinoline under both aerobic and anaerobic conditions (1-3, 7, 9, 13, 15, 17-20, 21, 23, 24) . Most quinoline-degrading microorganisms have been identified as Pseudomonas species (3, 6, 7, 15, 20, 23) , but quinoline-degrading strains of Rhodococcus (20) , Nocardia (24, 26) , Moraxella (1), and Desulfobacterium (2) spp. have also been reported.
Quinoline degradation has been shown to involve hydroxylation at the number 2 position (3, 13, 15, (17) (18) (19) (21) (22) (23) . Shukla (24) , in a study of four bacteria capable of utilizing quinoline as sole source of carbon and nitrogen, found two alternate pathways for quinoline catabolism. Both pathways formed 2-hydroxyquinoline; one pathway proceeded via 2,6-dihydroxyquinoline, whereas after 2-hydroxyquinoline formation the other pathway proceeded via 2,8-dihydroxyquinoline and 8-hydroxycoumarin. Boyd et al. (6) also identified an alternate pathway carried out by a strain of Pseudomonas putida in which cis-dihydrodiols are formed.
In the current study, we examined the microbial utilization of various methylquinolines as well as unsubstituted quinoline. Unlike microbial degradation of quinoline, very few studies have examined the microbial metabolism of methylquinolines. Wang et al. (28) reported that methylquinoline was not biodegraded under anaerobic conditions in which quinoline and indole were attacked. Periera et al. (18, 19) reported that transformation of a limited amount of 2-methylquinoline occurred under anaerobic conditions when alternate sources of nutrients were provided, but that 2- methylquinoline was not attacked when it was the sole source of carbon; they also have reported the complete degradation of 4-methylquinoline under anaerobic conditions when nutrients and an alternate carbon source were provided, but when 4- Periodically, samples collected from the cultures were analyzed for quinoline and quinoline degradation products by UV absorbance and gas-liquid chromatography as described below. Sterile controls were also analyzed at each time interval.
One of the isolated strains also was tested for growth on a range of quinoline concentrations, using nitrogen-free phosphate salts medium amended with 2.5 to 40 mM quinoline. A 2% inoculum of an 18-h culture grown on 2.5 mM quinoline was used for these tests. After 7 days of incubation at 28°C 20 mM EDTA, pH 8.0), and approximately 80 to 100 mg of the wet cell pellet was suspended in 1.0 ml of TE buffer. A 9-ml portion of lysing solution (4% sodium dodecyl sulfate [SDS] in TE, pH 12.4) was added, and the mixture was mixed gently by inversion. To complete the lysis, the cells in the lysing solution were incubated at 55°C for 10 min and the solution was then neutralized by the addition of 2 M Tris hydrochloride, pH 7.0 (pH of the final solution, approximately 8.0). To minimize shearing forces, the samples were mixed gently by inverting the tube; when the viscosity of the solution began to decrease, the mixing was completed with 1-s pulses, using a Vortex mixer at minimal speed. The resulting solution was homogeneous and relatively nonviscous.
Solid NaCl was added to achieve a final concentration of 3% to precipitate the chromosomal DNA. The salt was dissolved by slow inversion of the tube containing the sample and incubated at 22°C for 30 min. The sample was purified twice, using phenol saturated with TE buffer. The upper phase was transferred into a fresh tube, and 0.11 volume of 3 M sodium acetate (pH 8.0) and 2 volumes of 95% ethanol were added. The sample was kept at -20°C for 12 h, after which the DNA pellet was collected by centrifugation at 12,000 x g for 10 min at -14°C; the pellet was dried under vacuum. The dried DNA pellet was suspended in 200 ml of TE buffer, and 20 to 40 ml of this solution was used for gel electrophoresis.
Also, a modified procedure of Eckhardt's rapid identification of large plasmids (11) was used to determine the number and molecular weights of the plasmids from the quinolinedegrading pseudomonads. A 100-ml amount of a 1-ml overnight culture was centrifuged in a microcentrifuge (Eppendort) for 2 min, and the supernatant was removed by aspiration. The cell pellet was suspended in 1 ml of 0.1% (wt/vol) sodium lauroyl sarcosinate (Sarkosyl) in TE buffer. The cell suspension was centrifuged for 2 min, the supernatant was discarded, and the cells were washed once in TE buffer. A 40-ml portion of lysozyme mixture containing 20o (wt/vol) Ficoll in borate buffer (89 mM boric acid, 89 mM Tris base, 8.9 mM disodium EDTA, pH 8.3), 50 mg of DNase-free RNase per ml, 0.05% (wt/vol) bromophenol blue, and 1 mg of lysozyme per ml were added to the cells and mixed quickly with a micropipette tip, and the sample was loaded immediately into the well of a 0.8% (wt/vol) agarose gel. After 10 min, 40 to 50 ml of SDS mixture (2% [wt/vol] SDS in 10% [wt/vol] Ficoll dissolved in borate buffer) was carefully overlaid onto the sample. The two layers in the gel were not mixed. The wells of the gel were capped with 0.9% agarose. All gels were run in borate buffer at 5°C, initially at 35 V (approximately 5 mA) for 40 to 50 min and then at 120 V (approximately 30 mA) until the blue tracking dye moved two-thirds of the gel. The gel was stained with 3 x 104% (vol/vol) ethidium bromide solution and photographed. The sizes of the plasmids of quinolinedegrading pseudomonads were determined by using plasmids of Rhizobium leguminosarum 3718 (10) as size standards.
To determine which plasmids were associated with quinoline degradation, the quinoline-degrading strain from the oil-contaminated soil was cured of one or more of its plasmids by treatment with SDS by using the approach of Tomoeda et al. (27) . In this procedure, approximately 2 x 108 cells of the quinoline-degrading strain P. aeruginosa QP were transferred into 100 ml of Trypticase soy broth containing 0.03 to 0.06% SDS and the cultures were grown at 30°C for 24 h, with gentle shaking, after which they were transferred to fresh SDS-containing Trypticase soy broth. After three to five transfers, aliquots were plated onto 10% strength Trypticase soy agar. After incubation at 30°C for 24 h, 300 colonies were selected at random and subjected to DNA analysis, using Eckhardt's rapid plasmid preparation procedure. The presence and sizes of the plasmids in these strains were determined by extracting the plasmid DNA and analyzing by gel electrophoresis as described above. Colonies that showed different patterns of plasmid loss (plasmid curing) were examined to determine whether they could metabolize quinoline. Quinoline degradation and transformation capability by these strains were determined by inoculating minimal phosphate broth containing 1.2 mM quinoline, incubating for 24 to 48 h at 30°C, extracting the broth with methylene chloride, and analyzing the extract by using gas-liquid chromatography for the disappearance of quinoline and appearance of quinoline degradation products as described earlier.
RESULTS AND DISCUSSION
Biodegradation of quinoline. Growth, accompanied by pigment production, was readily observed in enrichment cultures when quinoline was supplied as the sole source of carbon and nitrogen. Many different-colored pigments were detected, from apricot-pink through green-dark brown. Two enrichment cultures were selected for further study, one from an oil-contaminated soil and the other from a creosotecontaminated soil. Based on UV absorbance measurements, quinoline was completely degraded within 24 h by the mixed bacterial populations in these cultures. No degradation was observed in sterile controls.
No problem was encountered in isolating a pure culture of a quinoline degrader from creosote-contaminated soil enrichment cultures, but isolation of a pure bacterial culture capable of degrading quinoline from the enrichment cultures derived from oil-contaminated soil proved to be difficult. A similar problem was experienced by Grant and Al-Najiar (13) , who reported that the quinoline-degrading microbe they isolated rapidly lost viability at the end of the logarithmic phase of growth and underwent gradual lysis over a period of several days.
The bacterium isolated from the oil-contaminated soil culture was identified as a strain of P. aeruginosa, QP; it produces a fluorescent green pigment and is able to grow at 42°C. The quinoline-degrading isolate from the creosotecontaminated soil culture was identified as a strain of P. putida, QP; it produces an orange-brown pigment and does not grow at 42°C. Quinoline degradation by these organisms occurred only under aerobic conditions, and no quinoline degradation by these organisms was detected under denitrifying conditions. When phosphate salts medium containing 2.5 mM quinoline was inoculated with P. aeruginosa QP, quinoline degradation was detected within a few hours and 2-hydroxyquinoline was recovered from the medium by extraction with methylene chloride (Fig. 1) . No quinoline degradation or production of products was observed in sterile controls. The 2-hydroxyquinoline was identified by GC and GC-MS analyses. Based on A232 measurements, 2-hydroxyquinoline first appeared after 9 h of growth, reached a maximal concentra- (Fig. 2) (Fig. 2) .
Biodegradation of methylquinolines and other heterocyclic nitrogen compounds. Neither P. aeruginosa QP nor P. putida QP was able to grow on any of the methylquinolines tested as sole sources of carbon and energy as evidenced by a lack of turbidity and lack of increase in protein concentration when the methylquinolines were supplied as the sole sources of carbon or of carbon and nitrogen. However, both of these strains were able to hydroxylate some methylquinolines. P. aeruginosa QP was able to hydroxylate 6-methylquinoline, 7-methylquinoline, and 8-methylquinoline, but not 2-methylquinoline, 4-methylquinoline, or 2,6-dimethylquinoline. P.
putida QP was able to hydroxylate only 8-methylquinoline.
Emulsification of methylquinolines had no effect on the ability of these pseudomonads to transform these compounds. No hydroxylation of methylquinolines was observed in sterile controls.
GC-MS analyses identified monohydroxymethylquinolines as the transformation products, but due to the lack of -E authentic standards we were unable to identify the specific sites of hydroxylation. GC-MS analyses showed no evidence 1 8 24 of dihydroxymethylquinoline formation from any of the methylquinoline substrates. The lack of further degradation of methylquinolines, especially 2-methylquinoline, is not utida QP. Symbols: surprising because, as described above, quinoline degradaproduct; A, unidention by these strains involves hydroxylation at the number 2 position so that methylation at that position would likely block the formation of the hydroxyquinoline intermediates in this quinoline degradation pathway. tely by 17 h (Fig. Although neither P. aeruginosa QP nor P. putida QP transformation of could attack 2-methylquinoline, we were able to establish ne, with the oxyadditional enrichment cultures from a site known to be om water (17) .
contaminated with creosote and subsequently to isolate fginosa QP and P.
Pseudomonas sp. strain MPQ, which is capable of using nation of a pink, 2-methylquinoline as the sole source of carbon. This strain ption maximum at also could degrade quinoline. The degradation of 2-methand, upon continylquinoline by this culture proceeds more slowly than was brown. The found for the quinoline-degrading pseudomonads (Fig. 3), with degradation occurring over days rather than hours.
Significant degradation with detectable products did not occur until after 3 days; by 7 days, the quinoline and the hydroxylated and other intermediary products disappeared. As determined by GC-MS analyses, this organism produced hydroxylated methylquinolines and other unidentified intermediary metabolites from 2-methylquinoline, including the same unidentified nonaromatic compound produced by P. putida QP growing on quinoline. Even Utilization of quinolines in a shale oil mixture. P. aeruginosa QP was able to degrade five compounds from the heterocyclic nitrogen fraction of the middle cut of the shale oil (Fig. 4) . This organism degraded the same compounds when raw shale oil was supplied as the source of heterocyclic nitrogen compounds and when the extracted heterocyclic fraction was used as the substrate. The compounds that were biodegraded were quinoline, 6-methyl/7-methylquinoline, 8-methylquinoline, and two unidentified compounds. P. aeruginosa QP did not remove isoquinoline, 2-methylquinoline, 1-methylisoquinoline, 4-methylquinoline, or 2,6-dimethylquinoline from the shale oil. There was an 80 to 90% reduction in the concentrations of unsubstituted quinoline, 6-methyl/7-methylquinoline, and 8-methylquinoline in the shale oil after exposure to P. aeruginosa QP. The concentrations of isoquinoline, methylisoquinolines, and 2-methylquinoline were the same in the heterocyclic nitrogen fractions recovered from the sterile controls and the P. aeruginosa QP-exposed cultures, indicating no biodegradation of these compounds by P. aeruginosa QP. Also, no degradation of aliphatic hydrocarbons, aromatic hydrocarbons, or aliphatic nitriles was detected when shale oil was provided as the nitrogen source for P. aeruginosa QP.
Although P. aeruginosa QP selectively removed heterocyclic nitrogen compounds, it did not significantly reduce the nitrogen content of the oil. The total nitrogen (percent Kjeldahl-N) content of residual raw shale oil that had been incubated for 7 days with P. aeruginosa QP was 0.75 + 0.07% compared with 0.88 + 0.11% for the untreated oil. The failure to reduce the total nitrogen content is not surprising as the quinolines that were degraded represent only a small portion of the total nitrogen-containing compounds in this oil: the oil contains aliphatic nitriles and amines as well as heterocyclic nitrogen compounds. The ability of the P. aeruginosa QP to degrade or to transform quinolines has potential biotechnological applications for the upgrading of shale oils as well as for the cleanup of complex mixtures of environmental pollutants.
Plasmids involved in quinoline and methylquinoline degradation. P. aeruginosa QP contained four plasmids of 250, 320, 225, and 180 kilobases (kb) (Fig. 5) . P. putida QP and Pseudomonas sp. strain MQP also contained a 250-kb plasmid. P. putida QP had two additional plasmids of 123 and 90 kb. Pseudomonas sp. strain MPQ had one additional plasmid of 225 kb. Brockman et al. (7) also found multiple plasmids of 50, 100, 320, and 440 kb in a quinoline degrader. They found that the 320-kb plasmid, which is the same size as one of the plasmids found in P. aeruginosa QP, as well as the 50-kb plasmid are involved in quinoline degradation (Hicks et al., Abstr. Annu. Meet. Am. Soc. Microbiol. 1988).
Curing P. aeruginosa QP of all four plasmids to produce P. aeruginosa Q resulted in the complete loss of the ability to transform quinoline (Table 1) . On the other hand, curing P. aeruginosa QP of only the 180-kb plasmid had no effect on the ability of the strain formed (P. aeruginosa QP-21) to degrade quinoline or on the pattern of product formation, indicating that it is not involved in quinoline metabolism ( Table 1) . The 225-, 250-, and 320-kb plasmids, on the other hand, all appear to be involved with quinoline metabolism. Strains containing both the 225-and 250-kb plasmids (P. aeruginosa QP-6, QP-21, and Q) completely degraded quinoline and did not accumulate significant quantities of hydroxylated quinoline metabolites. In contrast, strains with the 320-kb plasmid alone (P. aeruginosa QP-30) or in combination with either only the 225 (P. aeruginosa QP-15)-or only the 250 (P. aeruginosa QP-16)-kb plasmid transformed quinoline with the accumulation of significant amounts of hydroxyquinoline metabolites (Table 1) . Thus, the combined activities of genes contained on the 225-and 250-kb plasmids appear to be involved in the degradation of hydroxylated quinolines by these quinoline-degrading P. aeruginosa strains. Interestingly, Pseudomonas sp. strain MPQ, which 1 2 APPL. ENVIRON. MICROBIOL.
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